To improve contact resistance and protect the cathode from chromium poisoning, perovskite (La,Sr)CrO 3 , (La,Sr)CoO 3 and spinel MnCo 2 O 4 coatings were applied onto the surfaces of Fe-25Cr (DIN 50049) steel by means of the screen-printing method. The oxidation process of the coated steels under cyclic-oxidation conditions showed high compactness of the protective layer, good adhesion to the metal substrate, as well as acceptable area specific resistance level for SOFC metallic interconnect materials, which was the result of the structural modification of the coating/steel interface reaction, i.e. the formation of an intermediate, chromia-rich multilayer between the conductive coating and the metal substrate. The cross-sectional morphology and nanostructure of interface products formed during long-term thermal oxidation in air and the H 2 /H 2 O gas mixture at 1073 K were characterized using SEM-EDS and conventional TEM-SAD. Cr-vaporization tests showed that the perovskite and spinel coatings may play the role of barriers that effectively decrease the volatilization rate of chromia species.
Introduction
There are a number of reasons why the currently used ferritic stainless steel interconnects with > 20 mass% chromium content are unsuitable for practical applications in solid oxide fuel cell (SOFCs) operating at intermediate temperatures: the volatility of chromium, the poisoning of cathode material, rapidly decreasing electrical conductivity, and low oxidation resistance. [1] [2] [3] [4] To overcome these problems, relatively dense materials including La-based perovskites, [5] [6] [7] [8] [9] Mn-based spinels, [9] [10] [11] oxidation-resistant systems of MAlCrYO (M represents a metal, e.g. Co, Mn and/or Ti) 12) and reactive element oxides (REOs) [13] [14] [15] are applied on the ferritic stainless steels as protective and conducting coatings.
When selecting the means of protecting the steel used to form bipolar plates and the type of coating material, the protection of the surface of metals from corrosion was not the only goal; another objective was to make the coating react with the atmosphere under the conditions in the metallic layer in such a way that it would form an intermediate reactive layer with the desired physicochemical properties. Such a modification makes it possible for the layered substrate made of heat-resistant steel with a protective-conductive coating to achieve low electrical surface resistance constant in time, high resistance to oxidation, and to gain the ability to effectively absorb active particles of volatile chromium.
To understand how surface stability of the applied steels is affected and how the electrical performance of ceramic/ composite materials in SOFCs operating at about 1073 K may be improved, it is necessary to obtain information on the microstructure of the product of interface reaction between the conductive oxide coating and the metallic substrate: this is the key issue with regard to the application of steel as an interconnect in SOFCs.
In this work, the Fe-25Cr (DIN 50049) steel covered with La 0:6 Sr 0:4 CrO 3 (LSCr), La 0:6 Sr 0:4 CoO 3 (LSC) and MnCo 2 O 4 (MC) films was investigated by means of the cost-effective screen-printing method using a paste composed of fine powders prepared via soft chemistry. Uncoated and coated specimens were thermally oxidized in air and the H 2 /H 2 O gas mixture at 1073 K under isothermal and cyclic oxidation conditions. The aim was to investigate the post-oxidation phase and the chemical composition, morphology and nanostructure of the coatings, with particular focus on the metal substrate/coating interface, and to discuss the influence of the interface reactions between the conductive ceramic layers and the Fe-Cr steel substrates in terms of electrical properties and the chromium vaporization rate.
Experimental Procedure
The material used for the experiments was the commercial DIN 50049 ferritic steel from Valcovny Plechu a.s. FrydekMistek, Czech Republic, with the chemical composition of Fe (Bal.), Cr (24.55 mass%), Mn (0.28 mass%), Si (0.74 mass%), Ni (0.99 mass%), C (0.04 mass%). Steel plates prepared according to the standard metallographic procedure were coated with LSCr, LSC and MC pastes using the screenprinting method. The details of the paste and thick film coating preparation have been described previously.
16) The oxidation processes of coated Fe-25Cr and of the same, uncoated steel used for comparison were carried out in air and the H 2 /H 2 O gas mixture with p H 2 =p H 2 O ¼ 94=6 at 1073 K for up to 1150 h using continuous isothermal and cyclic oxidation procedures. Thermal cycles with a 24 h hot dwell time followed by rapid cooling in air were used.
The phase composition of the oxidized samples was analyzed by means of X-ray diffraction using XRD (Philips X'Pert). Scanning electron microscopy (FEI Nova NanoSEM 30) and conventional TEM-SAD (Philips CM 20 operated at 200 kV) in both plan-and cross-sectional views were used to examine the morphology and nanostructure of the oxide scales grown on uncoated and coated substrates in detail. 17 ) The concentration of chromium in the obtained aqueous solution containing the dissolved Cr was determined by means of the atomic spectroscopy absorption method.
Results and Discussion
Long-term thermal oxidation of the Fe-25Cr steel coated with LSCr, LSC and MC films, carried out in air at 1073 K for up to 1150 h, under cyclic conditions, indicated good compactness of the protective film, as well as good adhesion to the metal substrate. On the other hand, the growth of chromia scale on the uncoated steel in the same conditions lead to the destruction of scale compactness due to the outward diffusion of chromium ions, which may result in porosity at the steel/scale interface. Figure 1 shows the typical morphology of an oxide scale formed on the studied uncoated steel after cyclic oxidation in air at 1073 K for 1150 h. The scales were composed mainly of Cr 2 O 3 doped with Fe as an inner layer. In addition, an Mn 1:5 Cr 1:5 O 4 spinel layer had formed on top of the chromia scales, thereby partially suppressing chromium vaporization, which will be explained later. The thickness of the thermally grown chromia layer was about 3 mm. In the case of the Fe-25Cr steel oxidized in the H 2 /H 2 O gas mixture, the main oxidation products-chromia doped with Si and a non-continuous Mn 1:5 Cr 1:5 O 4 spinel layers on top of the chromia scale were found. The existence of these phases in the double-layered chromia scales was confirmed by XRD and EDS analyses. Such thermally grown chromia scales on uncoated steel exhibit poor conductivity, which may increase the overall cell resistance during long-term operation. 18) Figures 2(a), (b), (c), (d) shows SEM micrographs of the cross-section of the Fe-25Cr steel coated with LSC and MC films after oxidation at 1073 K in air and the Fe-25Cr steel coated with LSCr film oxidized at 1073 K in both air and H 2 / H 2 O gas mixture atmospheres. These figures confirm very good adhesion of the LSC, LSCr and MC thick films to the metal core and demonstrate its small porosity. The thickness of the coatings ranged from about 20 mm to 100 mm.
Detailed cross-sectional SEM-EDS and TEM-SAD investigations of the microstructure and composition of the Fe-25Cr/LSC, Fe-25Cr/LSCr and Fe-25Cr/MC composite materials obtained after thermal treatment in oxidizing/ reducing atmospheres indicated that a continuous, intermediate, chromia-rich layer of about 1-3 mm had formed on the film/steel interface, with composition dependent on the type of film and the conditions in which the film interacts with the metallic substrate. It is supposed that the existence of the intermediate layer with a complex multilayer structure, which relaxes the thermal strain at the coating/steel interface, improves scale adhesion. Figure 3 shows the SEM polished cross-section micrograph and EDS line scan running across the multilayer metal/ oxide interface between the MC film and the Fe-25Cr steel substrate after oxidation in air at 1073 K for 984 h. From this micrograph, it can be seen that the dense MC film has excellent adhesion to the intermediate layer. A continuous interfacial zone of about 3 mm that developed between the film and the metallic core was composed of Cr 2 O 3 due to the diffusion of chromium from the steel to the film/substrate interface. EDS line scan runs for Cr, Fe, O, Co and Mn, performed along the black line of the boundary region visible in Fig. 3(b) , indicated that the intermediate layer was enriched with Cr and O due to the formation of Cr 2 O 3 . As can also be seen from the EDS line scan profile, a decrease in the content of chromium is observed after the formation of the intermediate layer. Thus, the MC coating made it possible to limit chromium emission, as confirmed by Cr-vaporization tests, which will be described later.
TEM investigations showed that the LSCr film contains grains of spherical shape 360-1600 nm in diameter, with an orthorhombic structure, as confirmed by SAD analysis. Cross-sectional SEM-EDS and TEM-SAD investigations of all Fe-25Cr steels (DIN 50049) coated with this conducting film obtained after their oxidation in oxidizing/reducing atmospheres revealed that a continuous intermediate layer of about 1 mm at the coating/film interfacial zone. Figure 4(a) shows that the interaction product formed after the oxidation of Fe-25Cr/LSCr material in air was composed of a continuous Cr 2 O 3 layer formed from fine-crystalline grains (region ''1''- Fig. 4(b) ). In addition, there was some discontinuous precipitation of the (Mn,Fe)Cr 2 O 4 spinel in some areas of this layer, and it was separated by amorphous inclusions of SiO 2 , that were embedded in the intergrain boundaries of chromium oxide (region ''2''- Fig. 4(c) ). A few precipitates of the SrCrO 4 phase were also observed in these boundary regions. On the other hand, FeCr 2 O 4 and Sr 2 LaFe 3 O 8:94 precipitates in contact with the metal substrate enriched with small particles of silica were found in the interaction layer formed after exposure of the studied Fe25Cr/LSCr composite material to the H 2 /H 2 O gas mixture. 
Interface Reactions between Conductive Ceramic Layers and Fe-Cr Steel Substrates in SOFC Operating Conditions 347
The presence of a small amount of SiO 2 precipitates effectively inhibits chromium diffusion in the Fe-25Cr steel, thereby preventing the formation of a continuous Cr 2 O 3 layer. Figure 5 shows X-ray diffraction patterns of the LSC coating on Fe-25Cr steel substrate after 144 h oxidation in air at 1073 K for different depths of analysis from the film/metal to the gas/film interface. The XRD measurements were performed after subsequent removal of the coating portions by abrading. The XRD results revealed the presence of the (La,Sr)CoO 3 compound that formed the main upper part of the coating and indicated the presence of SrCrO 4 and Cr 2 O 3 in a portion of the coating close to the metal substrate. The presence of La 2 O 3 and Co 3 O 4 in the bottom part of the coating was also confirmed. Detailed cross-sectional TEM-SAD investigations of the Fe-25Cr steel/LSC film interface revealed that the interfacial zone exhibited a complex multilayer structure. Figure 6 shows a conventional TEM cross-section image of the Fe-25Cr/LSC interface. Based on the EDS line scan chemical analysis across the investigated interface, four thin and continuous layers of different composition were identified. The layer of the chromia scale grown on the metal substrate was about 0.5 mm thick and was built of very fine Cr 2 O 3 crystallites with a size of about 100 nm, doped with Fe. Below it a much thinner amorphous layer (denoted as ''1'') containing mostly Cr and a significant amount of Sr was found. Further below, yet another thin layer (denoted as ''2'') of the composition close to that of the steel substrate, but with significantly lower contents of 
The driving force for this reaction is provided by the high chemical stability of SrCrO 4 .
19) The formation of SrCrO 4 , which has better electrical conductivity than pure Cr 2 O 3
4)
and is in contact with the chromia scale, results in an advantageous constant value of electrical conductivity of the whole Fe-25Cr/LSC composite in SOFC cathode operating conditions.
To evaluate the effectiveness of the applied coatings, Cr-vaporization rate tests of uncoated and coated Fe-25Cr steel were carried out in humid air p H 2 O ¼ 9:72 Â 10 À2 atm at flow a rate of 2 Â 10 À6 m 3 s À1 at 1073 K for 48-72 h under non-equilibrium conditions (unsaturated zone). Figure 8 presents the results of chromium transport rate of the pure Fe-25Cr alloy, uncoated DIN 50049 steel and the steel/ coating composites. Prior to these experiments all samples were pre-oxidized at 1073 K for 48 h in air. The highest chromium vaporization rate was found in the pure Fe-25cr alloy, since the scale formed on this alloy was composed only of chromia.
For the commercial Fe-25Cr steel, the loss of mass was over 50% smaller in comparison with the pure alloy. The considerable reduction of the vaporization rate was the result of the presence of a continuous, thin Mn 1:5 Cr 1:5 O 4 spinel layer formed on the outer part of the chromia scale, as indicated by morphological and chemical studies of the oxidized DIN 50049 steel (Fig. 1) . Since chromia activity in the Mn 1:5 Cr 1:5 O 4 spinel decreases to a level below 1, the formation of the spinel on the discussed steel leads to the Interface Reactions between Conductive Ceramic Layers and Fe-Cr Steel Substrates in SOFC Operating Conditionsdrop of the rate of mass loss connected with the chromium vaporization effect. The application of the LSC, LSCr and MC coatings on the studied DIN 50049 steel decreased the level of vaporization rate of the most abundant chromia species, i.e. CrO 2 (OH) 2 as compared to the chromia scale on the uncoated steel (Fig. 8) . The lowest Cr-vaporization rate, by a factor of almost 3.5 with uncoated steel as the reference, was found in the case of the MC film. The application of LSC and LSCr coatings can also suppress Cr vaporization by more than 50%. In these composites the reaction between the chromium originating from the steel and the coating component occurred on the steel/coating interface. In order to determine the electrical properties and evaluate the usefulness of the elaborated procedure for the fabrication of steel/coating composite materials used in the construction of metallic interconnects for SOFCs, measurements of their area-specific resistance were carried out. Figure 9 shows graphs illustrating the in situ ASR values vs time for composites: Fe-25Cr/LSC, Fe-25Cr/LSCr and Fe-25Cr/MC during exposure at 1073 K in air and H 2 /H 2 O gas mixture atmospheres. The lowest ASR of about 0.005 cm 2 , maintained for 70 h in air was found in the case of the Fe-25Cr/ LSC material, while the MC coating exhibited about 0.016 cm 2 , which dropped slightly after about 50 h. The advantageous constant values of electrical conductivity of the whole Fe-25Cr/LSC composite in SOFC cathode operating conditions result from the formation of the SrCrO 4 , which has better electrical conductivity than pure Cr 2 O 3 .
4) The significantly lower resistance level than that of the Fe-25Cr/ MC composite oxidized in air may be explained by the electrical conductivity of the MnCo 2 O 4 coating, which is higher than that of Cr 2 O 3 , the improved adhesion of the reactive layer to the steel core and to the oxide coating, and the modification of transport properties of reactive layer. Similar results were reported by the authors of, 10) who investigated the Crofer 22 APU steel with a screen-printed Mn 1:5 Co 1:5 O 4 coating oxidized for nearly 1000 h in air at 1073 K, and found that ASR had decreased to a level of about 0.012 cm 2 . The Fe-25Cr/LSCr composite exposed to air for 250 h exhibits an ASR value equal to 0.09 cm 2 , which is high in comparison with its low electrical resistance of about 0.018 cm 2 , observed after 220 h in the H 2 /H 2 O gas mixture. This difference in ASR values is due to the presence of a thin continuous chromia layer formed at the steel/ coating interface during oxidation in air. These results indicate that the values of the in situ ASR for the studied coating materials exposed in air and the H 2 /H 2 O gas mixture at 1073 K are lower than the acceptable ASR level of 0.1 cm 2 for SOFC metallic interconnect materials.
Conclusions
LSCr, LSC perovskite and MC spinel thick films on Fe25Cr (DIN 50049) steel was fabricated using the screenprinting technique with a two-step procedure involving the deposition of paste on a metal substrate followed by annealing in air and the H 2 /H 2 O gas mixture. The crosssectional SEM-EDS and TEM-SAD investigations of the Fe25Cr steel coated with the above-mentioned films after oxidation in different atmospheres revealed the formation of an intermediate, chromia-rich multilayer between the conductive coating and metal substrate. This intermediate layer, which is result of the structural modification of the coating/ steel interface reaction has been shown to have significant influence on the area-specific resistance level of the investigated composite materials. The formation of continuous, structurally-modified Cr 2 O 3 and SrCrO 4 layers of the Fe25Cr/MC and Fe-25Cr/LSC materials oxidized in air, respectively, has a beneficial effect on their electrical properties and the chromium-getter barrier. The increase of ASR observed in case of the coated Fe-25Cr steel with LSCr results from the formation of a continuous Cr 2 O 3 thick layer between the steel and the oxide film in air, while formation of the non-continuous Cr 2 O 3 layer in the afore-mentioned composite oxidized in the H 2 /H 2 O gas mixture results in an advantageous constant level of conductivity. The observed results proved that the LSC, LSCr and MC coatings deposited on the Fe-25Cr steel play a protective role as thermal and diffusion barriers against oxidation and chromium vaporization at 1073 K and they are promising candidates for chromia-forming metallic interconnects. 
